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A B S T R A C T
In this work, tungsten carbide (WC) reinforced maraging steel matrix composites were in-situ manufactured by
selective laser melting (SLM) from powder mixture. The SLM processed samples presented high relative density
(over 99%) with a homogenous distribution of WC. The as-fabricated surface quality of SLM processed samples
was improved signiﬁcantly by the addition of WC. Focused ion beam and transmission electron microscopy were
employed to characterize the interfacial properties between tungsten carbide and steel matrix. The elemental
analysis indicates that metallurgical bonding appears at interfacial region due to the diﬀusion. Tensile behavior
of SLM processed maraging steel was diﬀerent from their composite with several WC contents.
1. Introduction
1.1. Background
Additive manufacturing (AM), a layer by layer material processing,
is considered as an eﬃcient way to produce complex-shaped compo-
nents in a “design to manufacturing” objective. Selective laser melting
(SLM), a laser-sourced & powder-bed AM, presents high processing
accuracy and design freedom due to the thin layer thickness and small
laser beam diameter [1,2]. In this process, 3D CAD model is created and
sliced into a ﬁnite number of layers, each corresponding to a layer of
powder during the building procedure. The desired 3D component is
manufactured by the repetition, layer by layer, of selective sintering of
the powder bed by laser beam. Recently, Fe-based [3,4], Al-based [5,6],
Ni-based [7] and Ti-based [8] alloys based component in extremely
sophisticated morphology, such as lattice structure, have been suc-
cessfully manufactured by SLM process with desired properties and
various applications.
Metal matrix composite (MMC) is one system which beneﬁts from
the advantages of both reinforcements and matrix materials. Hence, the
addition of high hardness ceramic particles (SiC, TiC, WC and BN4 etc.)
into conventional alloys could signiﬁcantly improve the wear/corrosion
resistance of matrix material (e.g. Cu, Al and Fe etc.) without losing
much ductility [9,10]. Up to date, MMCs were successfully employed in
various industrial ﬁelds, such as medical (Ti-matrix) [10], aerospace
(Ni-matrix) [11], aeronautics (ceramic-matrix) [12] and civil en-
gineering (Fe matrix) [13,14]. Those applications are usually manu-
factured by conventional processes, like casting [15] and powder me-
tallurgy [16].
1.2. Objective of this work
The material synthesis possibility of SLM should also be investigated
and discussed, for example, from high cooling rate to ultraﬁne/me-
tastable/amorphous structure [17]. Furthermore, the layer by layer
production procedure is irreplaceable in the elaboration of novel
composite materials with large density diﬀerence between reinforce-
ment and matrix, which cannot be easily prepared by conventional
casting. In the past years, SLM has been considered to produce various
MMCs, from light-weighted [18] to heavy-weighted [19] matrix, from
crystalline [20] to amorphous [21] reinforcements. Among them, Fe-
based alloys and composites, especial steels, draw extensive attention
because of their wide range of applications and well-investigated sci-
entiﬁc background, their low cost and high laser absorptivity [22–29].
Maraging steel is widely used in molds industry thanks to their high
mechanical strength and thermal stability [30,31]. Nowadays, with the
growing requirement on morphologic complexity of mold component,
such as conformal cooling channels, additive manufacturing presents
great potential in industrial application instead of conventional casting
[32]. But the mechanical strength and wear resistance of the AM steel
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molds need to be improved for a longer lifetime, which is usually ob-
tained by thermal and ﬁnishing treatments [33]. Tungsten carbide
(WC) presents high strength and hardness, low friction coeﬃcient and
high melting temperature, which improve the wear resistance under
high friction and temperatures conditions, to which the molds are
subjected during use, without strength reduction. As mentioned above,
with the limitation of great density diﬀerence between WC and mara-
ging steel, it is very diﬃcult to obtain a mold component with a
homogenous distribution of WC by using conventional casting [34].
Therefore, in this work, SLM was used to in-situ fabricate the WC re-
inforced maraging steel from powder mixture with several WC contents.
Additionally, the wear resistance of SLM processed maraging steel and
its composite was determined by our work [35], which indicates the
wear resistance was signiﬁcantly improved by adding WC into mara-
ging steel.
2. Experimental details
WC (3–5 μm, Guangdong institute of new material, China) and
Maraging steel (20-66 μm, EOS, Germany) powders, with chemical
composition reported in Table 1, were used in this work. The feedstock
powder mixtures were obtained by using a mechanical tumbling mixer
for 60min with several weight proportions of WC/maraging steel: 5/
95; 10/90; and 15/85. An example of the powder mixture morphology
with 5% WC is shown in Fig. 1(a). It indicates that the WC reinforce-
ment presents a uniform distribution in powder mixture. Details about
the maraging steel 18Ni-300 (MS1) powder can be found in the material
data sheet supplied by EOS [32]. Commercially available SLM machine
EOS M 290 (EOS GmbH, Germany) equipped with a 400W Nd-YAG
ﬁber laser beam was used for cubic (8*8*5mm3) samples without
support structure and tensile samples (see in Fig. 1(b)). A constant laser
power of 275W and a scanning speed of 1360mm/s were used. The
layer thickness was ﬁxed at 50 μm during the manufacturing process
under N2 atmosphere.
X-ray diﬀraction (XRD) on a Siemens XRD system with Co Kα ra-
diation (λ=1.78897 Å) operated at 35 kV and 40mA, was used to
characterize the phase composition in diﬀerent WC contents. The mi-
crostructure was studied by a Scanning Electron Microscope (SEM,
JEOL, Japan) equipped with X-ray energy dispersive spectroscopy
(EDS). The interfacial microstructure was characterized by
Transmission Electron Microscopy (TEM, JEM2100F, JEOL, Japan).
Additionally, before characterization of TEM, the test sample was pre-
pared by Focused Ion Beam (FIB, 450S, FEI, Japan) milling with low
induced stress and material. A 100 kN INSTRON tensile test machine
equipped with an extensometer were employed to determine the tensile
properties of SLM processed maraging steel and its composites. The
tensile rate was set as 10−4/s. Observations of the specimens’ fracture
surfaces were conducted by SEM.
3. Results and discussions
3.1. Roughness
The roughness of upper surface of SLM processed samples in two
directions along (X) and cross (Y) laser trace were measured and cal-
culated with Ra (see in Fig. 2(a)):
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On the one hand, the average value of roughness of SLM processed
maraging steel decreases from about of 8 μm to 4 μm when the WC
content increases from 0% to 15% and the minimum Ra value is about
3 μm in the samples with 10% WC. On the other hand, the diﬀerence
between the roughness in X and Y directions is gradually eliminated,
that is to say, the surface morphology changes from anisotropic to
homogenous after adding the WC reinforcement. On the basis of the
report of Li et al. [36], for the high relative density case, the overlapped
region plays the key factor on roughness of SLM processed part. In this
study, the thermal conductivity of WC (110W/(m K)) is higher than
that of maraging steel (15W/(m K)) [32]. According to the rule of
mixture [37], the thermal conductivity with several WC contents are
shown in Table 2. It can be seen that the thermal conductivity was
signiﬁcant improved from 15 to 23W/(m K) after adding 15% WC.
Thus the composite material both in solid and powder state, presents
higher thermal conductivity than that of pure maraging steel. It leads to
a larger melting pool with a higher temperature. Therefore, the over-
lapped region of composite material can be more easily melted during
SLM process than the pure maraging steel resulting on an increment in
surface quality. Beside of the thermal properties, in general, the defect
appears at the interfacial region between reinforcement and matrix
materials. In this work, the interfacial structure were investigated by
FIB and TEM tests (Fig. 4), which indicates a perfect dense interfacial
structure. This results can be attributed to high diﬀusion coeﬃcient
between W and Ti at high temperature, leading to dense metallurgical
bonding. Therefore, the laser-induced defect was reduced.
Furthermore, Fig. 2(b and c) show the surface morphologies of SLM
processed samples without and with WC. It can be observed that, as the
WC is added, the laser traces (indicated by red line in Figures) are
eliminated. Instead of that, a cellular pattern appears on the surface.
According to the elemental analysis (EDS), the dark region between two
laser traces corresponds to a titanium rich region. The SLM processed
Table 1
Chemical composition of 18Ni-300 maraging steel powder (wt.%).
Element Fe Ni Co Mo Ti Al C Cr, Cu Si, Mn S, P
wt.% Bal 17–19 8.5–9.5 4.5–5.2 0.6–0.8 0.05–0.15 ≤0.03 ≤0.5 ≤0.1 ≤0.1
Fig. 1. (a) SEM images of powder mixture of WC and maraging steel and (b) as-
fabricated tensile sample.
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composite shows lower proportion of Ti-rich region than pure maraging
steel. On the other hand, the crack on surface disappears after adding
the WC reinforcement. According to XRD analysis (Fig. 5), a phase
transition from bcc to fcc could be observed. In general, because of the
eﬀect of glide plane, the fcc phase presents higher ductility than that of
bcc phase. Thus, the high ductile fcc phase (composite sample) presents
less crack in SLM processed sample.
3.2. Microstructure
The OM images of SLM processed sample with several WC contents
(0, 5, 10 and 15% in powder mixtures) are shown in Fig. 3. Some small
spherical pores appear on the SLM processed maraging steel (Fig. 3(a))
and composite samples (Fig. 3(b, c and d)), which can be attributed to
intrinsic properties of laser melting process [38]. The gas is trapped into
the molten pool and small spherical porosities are formed. The WC
particles could be observed in the composite samples with a relative
homogenous distribution (see in Fig. 3(b–d)). According to the image
analysis results, the WC contents of as-fabricated samples, about 3%,
4% and 5%, which are lower than that of powder mixtures 5%, 10%
and 15%. During SLM process, metallic powder is melted by the high
energy density laser, and then rapidly solidiﬁed. Therefore, the reasons
for the decrement of WC content in as-fabricated samples could be
listed:
(1) WC was fully or partially melted by laser and merged with the
matrix in a solid solution, which can also be observed at the work of
SLM processed WC in Ref. [39,40].
(2) The diﬀusion between WC and maraging steel occurred in molten
pool during SLM process.
The SEM images of FIB prepared cross-section of interfacial region
between WC reinforcement and maraging steel are shown in Fig. 4(a
and b). Interfacial region presents a dense microstructure without clear
surface separation. In general, the grain size of maraging steel in region
far from WC particles is larger than that of region near WC particles.
Moreover, the morphology of grains changes from columnar to
equiaxed as the distance to WC decreases (Fig. 4(b)). One possible
reason is the high thermal conductivity of WC (mentioned in 3.1 Sec-
tion) leading to a high cooling rate of the molten pool, which causes a
reﬁnement of the microstructure. The elemental distribution analysis
was determined by TEM-EDS (see in Fig. 4(c–g)), which indicates that a
diﬀusion behavior appears between WC particles and maraging steel.
Moreover, the diﬀusion rate depends on the element, for example Fe,
Co and Ni present lower diﬀusion with W than Ti. These elemental
diﬀusions between matrix and reinforcement permit to form a strong
metallurgical bonding. From Fig. 4(b and g), it can also be observed
that W element mainly appears at the grains boundary of maraging
steel. Indeed, the grain boundary acts as an important diﬀusion channel
during the SLM process, which causes the micro-segregation.
3.3. Phases analysis
Fig. 5 presents the XRD patterns of SLM processed maraging steel
and composites. As shown in Fig. 5(a), in the case of maraging steel,
only bbc (α-Fe) phase could be observed on the XRD pattern, which
well corresponds to the works of EOS Company and Kempen et al.
[32,41]. The addition of WC presents signiﬁcant inﬂuence on the phase
composition. Firstly, the main phase changed from bbc α in pure
maraging steel to fcc γ with addition of WC regardless of the proportion
(from 5% to 15%). The local view is shown in Fig. 5(b). The appearance
of γ-Fe may be attributed to numerous reason, such as chemical com-
position change, high cooling rate and residual stress. For example,
according to the report of Cacciamani et al. [42], due to the low dif-
fusion rate of nickel in α-Fe, the transformation of α to γ appears in the
cases of rapid solidiﬁcation. Unfortunately, the reasons for this
Fig. 2. (a) Roughness and (b and c) surface morphologies of as-fabricated
maraging steel and its composites (15%WC).
Table 2
Thermal conductivity of SLM processed samples (Rule of mixture).
Samples (wt.%) WC content (vol.%) Thermal conductivity (W/ (m K))
MS 0 15
MS+5%WC 2.6 17.5
MS+10%WC 5.5 20.2
MS+15%WC 8.4 23.0
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transition are not clear. One possible reason for this work may be that
adding the highly thermal conductive WC particles into maraging steel
could improve the thermal conductivity (cooling rate) of molten pool
during SLM process. Furthermore, the large-sized W element holds back
the phase transition from high temperature fccγphase to low tempera-
ture bcc α phase. Thus, γ (Fe, Ni) appears on the SLM processed com-
posite sample instead of bcc α phase in maraging steel. Additionally,
due to the nonequilibrium solidiﬁcation properties of SLM process, the
γ (Fe, Ni) appears in a scope of XRD parttern, which can be aﬀected by
numerous factors, such as chemical composition, residual stress etc. The
diﬀusion of elements at the interface matrix particles was also reported
by Rong et al. [43] in the case of SLM processed WC/Inconel 718
composite. Moreover, due to the high melting temperature of WC and
the diﬀusion behavior, the large sized particles present WC1-x phase.
3.4. Tensile tests
The tensile curves, which is repeated by 3 times, of SLM processed
Fig. 3. OM images of SLM processed (a) maraging steel and its composite with several WC content (b) 5%, (c) 10% and (d) 15%.
Fig. 4. TEM images of SLMed 10% WC/maraging steel composite (a) FIBed sample (b) interface with elemental distribution (c) Fe, (d) Co, (e) Ni, (f) Ti and (g) W.
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samples with or without WC reinforcement are shown in Fig. 6. As it
can be seen the addition of 5% WC changes the mechanical response of
the maraging steel. In the elastic deformation domain the Young’s
modulus remains fairly constant. Yet the elastic domain is reduced by
the addition of WC, indeed in the pure maraging steel the yield strain is
about 1.15% and the Yield stress is about 1060MPa while in the 5%WC
they are respectively about 0.56% and 561MPa. However after a small
plastic deformation-like plateau, the 5% WC displays a strong con-
solidation with the increase of the stress with further strain. The 5%WC
maraging steel shows a higher UTS and a higher homogeneous de-
formation since no necking was observed up to failure at about 12%
(±2%). It can be observed that this composite showed a tensile curve
in three parts, elastic deformation, plastic plateau quite similar to that
of pure maraging steel (but at lower stress) and a third part showing a
lower apparent modulus and a very rugged evolution. These repeated
accidents could be attributed to initiation of micro-cracks at the surface
and at the fracture of WC particles in the matrix as it will be discussed
later considering fractographs. In the 10% WC composite the third part
of the curve was not observed, probably due to a weakening associated
with a higher WC particles content.
Moreover, during the tensile test, an important necking phenom-
enon appears on the SLM processed maraging steel, that was not ob-
served in its composites. It can be attributed to the poor surface quality
of the pure maraging steel in which the defects inherited from SLM
Fig. 5. (a) over and (b) local views of XRD patterns of SLM processed maraging steel and its composites, 5, 10 and 15% WC.
Fig. 6. Tensile curves of SLM processed (a) maraging steel and its composites with several WC contents (b) 5%, (c) 10% and (d) the mechanical properties of SLM
processed maraging steel and its composites. Young’s modulus (E), Ultimate tensile strength (UTS), and Strain at failure (A%).
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process initiate the necking. The homogeneous deformation of pure
maraging steel was fairly low, about 7%, and then the necking led to an
inhomogeneous deformation with the drop of the stress. Meanwhile, the
three tensile curves of the composites were entirely overlapped, which
is not the case of maraging steel. That is to say that the repeatability of
SLM processed composites is better than that of maraging steel. With
the addition of WC reinforcement, the surface roughness and surface
cracks were signiﬁcantly decreased. So, the eﬀect of as-fabricated
cracks on tensile properties could be reduced, leading to higher process
repeatability.
Fig. 7 shows the fracture surface of SLM processed maraging steel
and composite with 5% and 10% WC. The fracture section area of
maraging steel is larger than that of composite materials, which con-
ﬁrms the necking eﬀect during the tensile test and the high ductility of
maraging steel (see in Fig. 7(a–c)). Additionally, the fracture surface
can be divided into 2 diﬀerent regions: (I) the contour and (II) center.
The high magniﬁcation images of crack propagation and pull out re-
gions in maraging steel are shown in Fig. 7(b–c). As shown in Fig. 7(b),
the crack propagation region presents a ductile fracture with dimples.
Moreover, some facet-like fracture surfaces could be observed in MS
sample (Fig. 7(b)), which is always appears on the fracture surface of
SLM processed sample and investigated by Suryawanshi et al. [44]. In
addition to dimples, some particles and porosities can be observed in
the maraging steel sample as it can be seen in Fig. 7(c, e). These par-
ticles have been characterized by EDS and correspond to titanium and
aluminum oxides. These observations are conﬁrmed by the work of
Thijs et al. [45], the authors reported Al2O3 and Ti3O5 oxides inclusions
due to the oxide layer that forms on each layer during the SLM process,
the deposition of the next layer breaks the oxide layer, leading to oxides
inclusions trapped into the material. The oxides inclusions create por-
osity initiations at the interface with the matrix that cause the tunnel-
like holes with inclusions at the bottom. In SLM processed composites,
besides oxides particles, fragmentized WC particles appear on the
fracture surface. As it can be seen in Fig. 7(e) in the center of the ﬁgure
a broken oxide inclusion is clearly identiﬁed and a WC particle is ob-
servable in the upper right. WC particles are also observable by BSE in
Fig. 7(h), and a zoom on a particle in the 10% WC composite is visible
in Fig. 7(i).
In both cases, the fractures originate from the crack propagation
region, which manifests a high ductility. Then in maraging steel, the
defects, such as porosities and oxides inclusions, act as new crack
source. Thus, numerous porosities and oxides inclusions can be ob-
served in the pull-out region. Similar results and mechanisms were
reported by a previous work of the authors on the SLM processed Al-
12Si alloys [46]. The new crack sources in SLM processed composites
are the WC particles, due to their intrinsic fragile mechanical properties
as it can be seen in Fig. 7(e, h, i). Furthermore, that shows the strong
chemical bounding between WC particles and the steel matrix illu-
strated by the EDS analysis Fig. 7(f) which highlights the diﬀusion of W
in the grain boundaries of the matrix. The homogenous WC distribution
in maraging steel leads to a plane fracture surface (Fig. 7(d, g)). Fur-
thermore, given to the high tensile strength of WC, the rupture of WC
particles leads to small declines of tensile stress that explain the irre-
gularities observed in the curves in Fig. 6(b). Therefore, the tensile
curve of SLM processed composite illustrates three steps: (1) elastic
deformation; (2) plastic deformation without WC fracture and (3)
plastic deformation with WC fracture.
4. Conclusion
In summary, the WC reinforced 18Ni-300 maraging steel composite
was in-situ manufactured by selective laser melting process with high
relative density. The eﬀects of WC addition on tensile properties were
investigated. With the addition of WC reinforcement:
Fig. 7. SEM observation of fracture surface of SLM processed maraging steel (a, b, c) and its composite with several WC content 5% (d, e f) and 10% (g, i, h) (W
composition : chemical bounding with the matrix along the grain boundaries).
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(1) The surface quality was improved, showed by the value of Ra and a
more homogeneous morphology.
(2) The phase of SLM processed maraging steel matrix was aﬀected
with a transformation from α-Fe to γ (Fe, Ni).
(3) The interfacial analysis indicated that element-dependent diﬀusion
behavior takes place between WC particle and maraging steel ma-
trix during SLM process.
(4) In terms of tensile properties, the SLM processed composite with 5%
WC presents a maximum UTS near 1300MPa. No clear inﬂuence of
WC particles on the Young’s modulus was observed. Moreover, it
was observed that the repeatability (stability of mechanical prop-
erties) of SLM processed composite is higher than that of SLM
processed maraging steel, which can be attributed to their low
surface roughness.
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